Neonates are relatively immature in their immune response; thus, to further clarify the differences of monocyte function and differentiation between neonates and adults, we investigated their CD14 ϩ CD4 ϩ and CD14 ϩ CD16 ϩ monocyte subpopulations, production of IL-1␤ and tumor necrosis factor-␣ induced by lipopolysaccharide, and their CD14 and CD1a phenotypic changes in response to IL-4 and granulocyte-macrophage colony-stimulating factor. Our results showed that 1) the expression of CD14 in cord blood monocytes was significantly lower than that in adult peripheral blood monocytes; 2) both the percentages of CD14 ϩ CD4 ϩ cells and CD14 ϩ CD16 ϩ cells among CD14 ϩ monocytes were also significantly lower in cord blood; 3) after stimulation by lipopolysaccharide for 72 h, production of both IL-1␤ and tumor necrosis factor-␣ was lower in cord blood than that in adult peripheral blood; and 4) in response to IL-4 or GM-CSF, the phenotype development of CD14 and CD1a in cord blood and adult peripheral blood was different. Downregulation of CD14 expression in response to IL-4 and GM-CSF was slower in cord blood monocytes than that in adult peripheral blood monocytes. After 9 d of culture in the presence of IL-4 and GM-CSF, the percentage of CD1a ϩ monocytes was significantly more increased in cord blood than that in adult peripheral blood. The reduced expression of CD14 and other mature phenotype markers such as CD16 and CD4 as well as the reduced IL-1␤ and tumor necrosis factor-␣ production may contribute to the impaired immune response of neonates. Slower down-regulation of CD14 by IL-4 and GM-CSF suggests that differential properties of cord blood monocytes in response to cellular stress signals take a longer time than those of adult peripheral blood monocytes. The monocyte plays an important role in host immunity. CD14, a glycoprotein of 55 kD present on most monocytes and tissue macrophages, is regarded as the most important myeloid differentiation antigen (1, 2). Functionally, CD14 acts as a receptor for the complex of LPS and LPS-binding protein (3), and mediates the response to LPS, such as the LPS-induced production of the cytokines TNF-␣, 4) . The apoptosis of monocytes is associated with the down-regulation of CD14 expression (5), and CD14 is also a major receptor on phagocytes, which are involved in uptake of apoptotic cells (6). The expression of CD14 on PBMC is increased by LPS (7, 8) and decreased by IL-4 and GM-CSF (9 -11). In vitro, with CD14 down-regulation in response to IL-4 and GM-CSF, CD14
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ϩ monocytes can differentiate into cells displaying features of immature DC, which express CD1a (12) .
The heterogeneity of human PBMC in terms of size, function, and antigen expression has been reported (13, 14) . About 10% of the CD14 ϩ monocytes in peripheral blood express CD16, which is an Fc␥3 receptor (14, 15) . The CD14 ϩ CD16 ϩ population represents more-mature monocytes and has higher antigen-presenting ability but lower phagocytic activity (16) . Another antigen, CD4, is also expressed on a subpopulation of monocytes, which might be correlated with functional maturation of increased antigen-presenting capacity (17) .
Neonates are susceptible to infections because of their transient immaturity in T-cell, B-cell, and monocyte functions (18 -20) . The chemotactic, phagocytic, and bactericidal properties of neonatal monocytes were reduced in comparison with those of adult monocytes (21) (22) (23) (24) (25) . As for the monocyte subpopulations in neonates, there has been no consistent report. Mawas et al. (26) identified higher proportion of CD16 ϩ monocytes in neonates than that in adult control. Maeda et al. (27) also reported a small subpopulation of CD16 ϩ monocytes in adult blood, which was absent or at a low level in cord blood; however, the main population of CBMC expressed low but higher levels of CD16 than adult monocytes. Kampalath et al. (28) reported that the percentage of monocytes displaying CD16 in cord blood did not show any significant difference in comparison with adult monocytes. In the same report, it was shown that CD4 expression on CBMC was significantly lower than that in adult monocytes, suggesting neonatal monocytes are more immature than adult monocytes (28) .
To further characterize the differences between neonate and adult in their monocyte subpopulations, function, and differentiation, we studied their CD14 ϩ
CD4
ϩ and CD14 ϩ CD16 ϩ subpopulations, production of IL-1␤ and TNF-␣ induced by LPS, and their phenotype development in CD14 and CD1a in response to IL-4 or GM-CSF or both. To date, the regulatory effects of IL-4 and GM-CSF on the CD14 and CD1a expression in cord blood have not been reported.
METHODS

Isolation of MNC.
Human umbilical cord blood was obtained from the placentas of normal, full-term infants, after the placentas were delivered and separated from the infants, with prior written informed consent of their parents. The protocol was approved by the Ethics Committee of the University of Hong Kong. Adult peripheral blood was obtained from healthy adult volunteers from 20 to 35 y of age. All samples were collected in heparinized flasks. Umbilical CBMC and adult PBMC were isolated from whole blood by centrifugation, using Ficoll-Hypaque gradients (Pharmacia Biotech, Uppsala, Sweden). The MNC at the interface were collected, washed three times, and resuspended at a density of 1 ϫ 10 6 cells/mL in a serum-and hormone-free medium [Dulbecco's Modified Eagle's Medium Nutrient Mixture F-12 Ham (DMEM/F12); Sigma Chemical Co, St. Louis, MO, U.S.A.], which did not contain insulin, IGF-1, or other hormones, supplemented with 50 IU/mL penicillin and 50 g/mL streptomycin (Life Technologies, Grand Island, NY, U.S.A.). Cell viability, as determined by trypan blue exclusion, was Ͼ95%.
Culture of MNC in vitro. A total of 1 ϫ 10 6 MNC were cultured in the presence or absence of LPS (10 g/mL; Sigma) for 3 d, with or without IL-4 (10 ng/mL; R&D Systems Inc, Minneapolis, MN, U.S.A.) or GM-CSF (50 ng/mL; R&D Systems), and incubated for varying periods of 3, 6, or 9 d at 37°C in a humidified atmosphere containing 5% CO 2 . The cultures were fed with fresh serum-free DMEM-F12 medium and cytokines every 3 d, and cell differentiation was monitored by light microscopy.
Immunofluorescence staining. Cells were collected from the wells by the addition of trypsin EDTA (Life Technologies) and gentle scraping at the defined time (d 3, 6, and 9). Cells were transferred to microcentrifuge tubes diluted with 1 mL of PBS and centrifuged at 13,000 ϫ g for 10 s. The supernatant was removed, and the cell pellets were resuspended in the small amount of remaining PBS. Fluorochrome-conjugated antibodies at concentrations of 4 g/10 6 cells were added, and the cell suspension was incubated in the dark for 15 min at room temperature. After incubation, the cells were diluted in 1 mL of wash solution (PBS plus 0.1% fetal bovine serum plus 0.1% azide), and after centrifugation and the removal of supernatant, the cells were resuspended in 300 L of the same solution for flow cytometric analysis. FITC-and PC5-conjugated isotype controls, CD14-FITC and CD4-PC5, were from Immunotech (Marseille, Cedex, France), and CD16-PC5 and CD1a-PC5 were from PharMingen (San Diego, CA, U.S.A.).
Signal analysis. Flow cytometric analysis was performed with a Coulter Epicselite Flow Cytometer (Coulter Corporation, Miami, FL, U.S.A.). The machine was optimized daily using standard fluorescence beads (Coulter Corporation). Ten thousand events per sample were collected into listmode files and analyzed by WinMDI 2.8 analysis software. The analysis in this study is based on a population of cells in the live gate with high forward scatter and high side scatter. This population of interest mainly representing monocytes is clearly separate from the lymphoid population. The gating strategy is consistent throughout the study. The fluorescence level of FITC was standardized by Quantum 25 beads (Flow Cytometry Standards Corp, San Juan, PR, U.S.A.) and converted to kMESF (mean equivalent soluble fluorochrome, in thousands).
ELISA for IL-1␤ and TNF-␣. Concentration of IL-1␤ and TNF-␣ in culture supernatants was measured by specific ELISA assays with commercial ELISA kits (R&D Systems) according to the manufacturer's instructions. Each sample was measured in duplicate. Minimal detectable levels of IL-1␤ and TNF-␣ were 3.91 pg/mL and 15.6 pg/mL, respectively.
Statistical methods. All data are expressed as mean Ϯ SEM. ANOVA was used to examine the influence of different time of culture and culture conditions on the percentage of CD14 ϩ and CD1a ϩ cells for CBMC or adult PBMC. Tukey multiple comparison test was used to examine the percentage in CD14 ϩ or CD1a ϩ cells among groups. To determine the difference between paired or unpaired groups, the t test or the MannWhitney U statistic was used.
RESULTS
Reduced percentage of CD14
؉ monocytes and decreased level of CD14 expression in cord blood. The percentage of CD14 ϩ cells in our population of interest in freshly isolated CBMC (40 Ϯ 4%, n ϭ 18) was significantly lower than that in adult PBMC (65 Ϯ 3%, n ϭ 18, p Ͻ 0.01). The level of CD14 expression in monocytes was significantly lower in CBMC (268 Ϯ 19 kMESF, n ϭ 8) than that in adult PBMC (342 Ϯ 14 kMESF, n ϭ 10, p Ͻ 0.01; Fig. 1 (Fig. 2) . The percentage of CD14 ϩ CD4 ϩ cells among the CD14 ϩ population in CBMC (6 Ϯ 1%, n ϭ 8) was significantly lower than that in PBMC (16 Ϯ 3%, n ϭ 8, p Ͻ 0.05). Similarly, the percentage of CD14 ϩ CD16 ϩ cells among the CD14 ϩ population in CBMC (16 Ϯ 2%, n ϭ 9) was also significantly lower than that in PBMC (24 Ϯ 3%, n ϭ 14, p Ͻ 0.05).
Decreased IL-1␤ and TNF-␣ production from CBMC. After 3 d of serum-free culture in the presence of 10 g/mL of LPS, CBMC produced significantly lower IL-1␤ and TNF-␣ than adult PBMC (IL-1␤, 463 Ϯ 49 pg/mL versus 585 Ϯ 39 pg/mL, p Ͻ 0.05; TNF-␣, 448 Ϯ 95 pg/mL versus 784 Ϯ 29 pg/mL, p Ͻ 0.01; Fig. 3) . Thus, the CBMC production of IL-1␤ in response to LPS stimulation was 79% of the level produced by adult PBMC, whereas the corresponding result for TNF-␣ was 57%. Take together, the results indicated a deficiency in CBMC to respond to cellular stress signals such as LPS.
Down-regulation of the CD14 ؉ population by IL-4 and GM-CSF. The kinetics of CD14 ϩ monocyte development in adult PBMC and CBMC are summarized in Figure 4 . When cultured in medium alone, the percentage of CD14 ϩ monocytes in adult PBMC decreased from 65 Ϯ 3% to 37 Ϯ 8% after 3 d of culture, then increased slightly by d 6 (54 Ϯ 12%), and maintained at approximately the same level at 47 Ϯ 6% on d 9. In the presence of IL-4 and IL-4 plus GM-CSF, the percentage of CD14 ϩ monocytes in adult PBMC decreased significantly to 17 Ϯ 9% and 15 Ϯ 8%, respectively (p Ͻ 0.01), and the percentage of CD14 ϩ monocytes progressively decreased to zero through 9 d of culture. In the presence of GM-CSF alone, there was a rapid decrease in the percentage of CD14 ϩ monocytes by d 3 to 26 Ϯ 11%, which was then maintained at approximately the same levels on d 6 (35 Ϯ 13%) and d 9 (21 Ϯ 7%).
In contrast, the percentage of CD14 ϩ monocytes in cord blood was maintained for 3 d under all study conditions (medium, 49 Ϯ 4%; IL-4, 37 Ϯ 5%; GM-CSF, 45 Ϯ 4%; IL-4 plus GM-CSF, 36 Ϯ 5%). By d 6 of culture, the percentage of CD14 ϩ monocytes became divergent under culture conditions with different cytokine treatment. In the control cells without any cytokine treatment, there was a gradual increase through ϩ and CD16 ϩ subpopulations among CD14 ϩ monocytes in cord blood and adult peripheral blood. Both the percentages of CD14 ϩ CD4 ϩ and CD14 ϩ CD16 ϩ monocytes between cord blood (n ϭ 8 and 9, respectively) and adult peripheral blood (n ϭ 8 and 14, respectively) were significantly different (p Ͻ 0.05). Results are expressed as mean Ϯ SEM.
Figure 3. Production of IL-1␤ and TNF-␣ by CBMC and adult PBMC in vitro.
After stimulation by LPS for 3 d, the production of IL-1␤ and TNF-␣ in the supernatants of PBMC (n ϭ 10) and CBMC (n ϭ 9) were assayed by ELISA. Significant differences in production of both IL-1␤ and TNF-␣ between CBMC and PBMC were found (p Ͻ 0.05). Results are expressed as mean Ϯ SEM. (Fig. 4B) , which was comparable to that of the corresponding controls in adult PBMC (Fig. 4A) . IL-4 significantly reduced the percentage of CD14 ϩ monocytes to 12 Ϯ 5% on d 6, and then to 5 Ϯ 3% on d 9, whereas IL-4 plus GM-CSF in combination could reduce the percentage of CD14 ϩ monocytes even more to 11 Ϯ 5% on d 6, and then to 2 Ϯ 1% on d 9. GM-CSF had similar effects to IL-4 in reducing the percentage of CD14
ϩ CBMC from d 6 to d 9 but to a lesser degree (d 6, 23 Ϯ 9%; d 9, 14 Ϯ 7%; Fig.  4B ).
Up-regulation of CD1a ؉ population by IL-4 and GM-CSF. For adult peripheral blood, IL-4 alone or IL-4 plus GM-CSF started to up-regulate CD1a ϩ expression on monocytes by d 6 (IL-4, 7 Ϯ 4%, n ϭ 5; IL-4 plus GM-CSF, 8 Ϯ 4%, n ϭ 5) and reached a plateau by d 9 (IL-4, 7 Ϯ 3%, n ϭ 5; IL-4 plus GM-CSF, 8 Ϯ 2%, n ϭ 5). CD1a ϩ expression on adult PBMC did not change with GM-CSF alone or medium alone (Fig. 5A) .
For cord blood, both IL-4 and IL-4 plus GM-CSF upregulated CD1a expression on monocytes but with different kinetics and degree of up-regulation (d 6: 7 Ϯ 5%, n ϭ 8; 13 Ϯ 5%, n ϭ 10, respectively; d 9: 14 Ϯ 4%, n ϭ 8; 29 Ϯ 7%, n ϭ 10, respectively; Fig. 5B ). Compared with adult monocytes, the CD1a ϩ population was much higher in CBMC by d 9 of culture (neonate, 29 Ϯ 7% versus adult, 8 Ϯ 2%; p Ͻ 0.01), and the cord blood CD1a ϩ population had not apparently reached a plateau under the stimulation of IL-4 or IL-4 plus GM-CSF. 
DISCUSSION
Neonates are relatively immature in their innate immunity, and our results showed that the expression of CD14 both in terms of percentage and intensity on CBMC was significantly lower than that on adult PBMC, in keeping with the study by Kampalath et al. (28) , who found that the mean fluorescence intensity of CD14 expression was slightly higher on adult PBMC than on CBMC. As a key molecule in innate immunity, CD14 plays a major role in the recognition of LPS of Gramnegative bacteria (3). There is increasing evidence that CD14 also serves as a receptor for other microbial products including peptidoglycan of Gram-positive bacteria (29) . Furthermore, we have shown that IL-1␤ and TNF-␣ production induced by LPS in CBMC were significantly lower than that in adult PBMC (Fig. 3) . The lower CD14 expression in CBMC may result in a lower response toward LPS and even other Gram-positive pathogens.
There is differential expression of function related antigens on CBMC and adult PBMC (30) , and it has been reported that the reduction of CD4 ϩ expression is related to the immaturity of neonatal monocytes (28) . Our results showed that the percentage of CD4 ϩ cells among the CD14 ϩ population in CBMC was significantly lower than that in adult PBMC. The percentage of CD14 ϩ CD16 ϩ in CBMC was also lower than that in PBMC (Fig. 2) . The lower percentages of CD14 ϩ
CD4
ϩ and CD14 ϩ CD16 ϩ monocyte subpopulation in cord blood suggest a less mature monocyte phenotype in neonates.
The regulation of CD14 is related to the function and differentiation of monocytes. LPS can up-regulate monocyte CD14 expression, which in turn is related to the anti-apoptotic effect of LPS on monocytes (8 -10) . IL-4 can down-regulate monocyte CD14, which is related to its apoptotic effect on monocytes (5) . GM-CSF is a well-known stimulus for the activation, differentiation, and survival of monocytes. GM-CSF can reduce the CD14 expression of PBMC after 3 d of culture (11) . When monocytes were cultured for 7 d with GM-CSF and serum, CD14 was, however, up-regulated, leading to a higher sensitivity toward LPS stimulation (31) . These conflicting results can in part be explained by the various culture conditions used.
A combination of IL-4 and GM-CSF has been used to generate DC from PBMC (12) with changes in phenotypes and function. We therefore used IL-4 and GM-CSF to assess the difference of in vitro differentiation of monocytes into DC between cord blood and adult peripheral blood in terms of phenotypic changes in CD1a and CD14. In our system, the kinetics of percentage change of CD14 ϩ monocytes in CBMC for 9 d of culture differed from that of adult PBMC. After 3 d of culture, significant down-regulation of CD14 ϩ monocytes was found either spontaneously or cultured with IL-4, GM-CSF, or IL-4 plus GM-CSF in adult PBMC, but not in CBMC (Fig. 4) . It was only after 6 d of culture that down-regulation of CD14 expression became evident in CBMC, demonstrating the different kinetic responses to IL-4 and GM-CSF between CBMC and adult PBMC. The mechanism and significance of the different kinetics of down-regulation of CD14 expression between CBMC and adult PBMC are not yet clear. The slower phenotypic change of CD14 ϩ expression in cord blood may be related to the less mature stage of CBMC compared with adult PBMC. We and others have shown that neonatal monocytes are phenotypically less mature than adult monocytes (28) . Down-regulation of CD14 expression might represent a rapid adaptation of the host to stress (11) . Hence, slower downregulation of CD14 expression in cord blood implies that the ability of adaptation to stress of CBMC is less than that of adult monocytes when challenged.
CD1a belongs to the CD1 family, which is a family of glycoproteins encoded by five genes located on chromosome 1 in man (32) . Resembling that of MHC class II molecules, CD1 molecules could participate in antigen presentation, especially presenting lipids or glycolipids from mycobacterium (33) . Moreover, it is reported that the human CD1a molecule expressed on monocytes plays an accessory role in the superantigen-induced activation of T cells (34) . GM-CSF can increase CD1 molecule expression on human monocytes (35) . In our study, IL-4 and GM-CSF could increase the percentage of CD1a ϩ monocytes in both CBMC and adult PBMC, whereas CD14 expression was down-regulated. Again the kinetics of percentage change of CD1a ϩ monocytes in CBMC during 9 d of culture differed from that of adult PBMC. The percentage of CD1a ϩ monocytes in CBMC cultured with IL-4 plus GM-CSF for 9 d was significantly more increased (29 Ϯ 7%) than that in adult PBMC (8 Ϯ 2%; Fig. 5 ). This observation seemed to be in conflict with slower kinetics of CD14 down-regulation in CBMC than that of adult monocytes, as differentiation of monocytes into DC was characterized by down-regulation of CD14 expression with up-regulation of CD1a expression and we should expect comparable kinetics of change for these two phenotypes. Inasmuch as the mixed-cell population was used in our system, the different CD1a expression in response to IL-4 and GM-CSF between CBMC and adult PBMC may be related to interaction between monocytes and lymphocytes. It is possible that higher ability of cytokine production, such as IL-10, from adult PBMC than from CBMC can down-regulate CD1a expression in adult monocytes (36, 37) . With purified CD14 ϩ monocytes, we have shown that the ability of CBMC to differentiate to CD1a ϩ immature DC in response to IL-4 and GM-CSF was significantly lower than that of adult PBMC (data not shown). This result further confirmed that the downregulation of CD14 expression of monocytes was associated with up-regulation of CD1a expression on immature DC under the stimulation of IL-4 and GM-CSF. Further study on purified monocytes of adult and cord blood is in progress.
We concluded that the immaturity of neonatal immunity may be related to the reduction of CD14 ϩ CD4 ϩ and CD14 ϩ CD16 ϩ monocyte subpopulations as well as the lower percentage and lower intensity of CD14 expression. This is further connected to the lower response of CBMC in production of IL-1␤ and TNF-␣ to LPS. The discrepancy in the kinetics of CD14 down-regulation between CBMC and adult PBMC on stimulation by IL-4 and GM-CSF may be related to their different differentiation stages, with CBMC being less mature, hence taking a longer time to down-regulate CD14. Slower down-regulation of CD14 with IL-4 and GM-CSF may 188 LIU ET AL. result in a lower or slower adaptation to stress compared with that of adult PBMC.
